Forest ecosystems cover a large fraction of the Earth's land area and account for most of its terrestrial biological productivity. The structure and function of forests are regulated by an elegant series of feedbacks between the physical environment, plant growth strategies, successional processes, biogeochemical cycles and mechanisms of disturbance.
Introduction
Forests cover approximately 30% of the Earth's land surface, account for over 75% of its standing biomass and house the majority of its biodiversity. Forests also play a critical role for humans, who rely on them for energy, shelter and clean water. By the simplest definition, a forest is a landscape dominated by trees, but a forest ecosystem comprises biotic and abiotic components -including invertebrates, microbes, birds and mammals, etc., along with physical environmental variables such as climate, soils and topography.
Forest ecology, like other fields of ecology, is often divided into subdisciplines that focus on individual organisms, populations, communities or entire ecosystems. Although these distinctions are easily blurred, the study of ecosystems is generally characterized by the inclusion of the physical environment as an integral part of the system and an increased concern with the dynamics of organic matter, nutrients and water over interactions among specific organisms or species. This does not suggest that organisms and species are unimportant, but rather views their importance through their role in ecosystemlevel processes.
Ecosystem science has grown rapidly over the past 30 years and has challenged ecologists to expand their breadth from traditional domains of biology into fields such as geochemistry, meteorology and hydrology. This shift has been partly driven by the realization that many environmental problems begin with an alteration of the physical or chemical environment, but can lead to a cascade of effects through other components of the ecosystem. Scientists have also begun to recognize the importance of forests in other aspects of the Earth's environment, such as the composition of the atmosphere and the concentration of greenhouse gases.
The Global Distribution of Forest Ecosystems
The spatial distribution of forests is largely governed by the distribution of temperature and precipitation, which, in turn, are controlled by patterns of solar radiation, and the circulation of large air masses. In general, temperature decreases with latitude from equatorial regions towards the poles and this eventually limits the range of forests at high latitudes. Regionally, temperature is affected by ocean circulation and prevailing wind direction. In North America and Eurasia, for example, temperatures in northwestern coastal regions stay considerably warmer than eastern or interior regions due to the influence of marine air masses.
Global patterns of rainfall are less evenly distributed and are affected to a greater extent by atmospheric circulation and proximity to large water bodies. Nevertheless, some broad-scale patterns are evident. Near the equator, intensive heating drives high rates of evaporation and convectional precipitation from upward-moving air. As a result, equatorial regions are dominated by moist tropical forests. In the upper atmosphere, these air masses travel towards higher latitudes, where they become cooler and eventually descend back toward the surface. Regions centred around 308 latitude are often dominated by the descending air masses, which, depleted of their moisture, produce regions of low rainfall that mark most of the world's deserts and grasslands. Figure 1a shows the global distribution of forest biomes and Figure 1b indicates where they occur with respect to annual temperature and precipitation.
Topography and local variation
At finer spatial scales, topography exerts a strong influence on local climate. Temperatures decrease with elevation, due to adiabatic cooling, and forests growing in mountainous landscapes often represent islands of forest types more characteristic of higher latitudes. This cooling effect also causes precipitation to increase with elevation, but this can be discontinuous in high mountain ranges because rising air masses eventually become depleted of moisture. As a result, the highest precipitation rates often occur at mid elevations on windward slopes, with drier conditions on summits and leeward slopes. Major forest types and where they occur Characteristic features of the world's major forest biomes are summarized in Table 1 Tropical forests Tropical forests occupy regions that lack a distinct period of winter dormancy, although dormant periods can still occur as a result of seasonal patterns of rainfall. In tropical regions, it is the seasonality of rainfall that determines the type of forest that occurs in a particular area. Extreme seasonality can be found in regions that experience a monsoon climate, such as the dry tropical forests of India, subSaharan Africa and northeastern Australia Tropical forests are known for their immense diversity of plants and animals and the complex nature of interactions among species. Although they occupy less than 10% of the Earth's land surface, tropical forests probably contain from 50 to 90% of its species, many of which remain to be discovered. A single hectare of rich tropical forest can contain over 300 tree species, roughly equivalent to the number occurring in all of North America. The reasons for Figure 1 The global distribution of major ecosystems, including (a) a generalized map of the world's major biomes and (b) the location of ecosystems with respect to mean annual temperature and precipitation. Figure 1a was based on the predictions generated by the mapped atmosphere-plant-soil system (MAPSS) biogeography model, courtesy of Ronald Neilson. Some degree of inaccuracy should be expected as a result of errors that are inherent to this type of model analysis. Figure 1b was modified from Whittaker, 1975. Forest Ecosystems this diversity involve a combination of the high productivity tropical climates allow and the long periods of evolutionary time over which tropical regions have been free of major geological disturbances..
Temperate forests
Temperate forests occur at mid latitudes where winter temperatures fall below 08C, but rarely as low as 2 408C. Most temperate forests are made up of broad-leaved deciduous species, but evergreens are also common. Although these groups frequently coexist, differences in their geographic distributions are related to both climate and resource availability. Evergreens are generally better adapted to stressful conditions and are more often found on dry, shallow or nutrient poor soils or in cold alpine habitats. Evergreens also dominate regions where precipitation is concentrated in the winter, such as the northwestern United States.
Many of the world's temperate forests occur in areas that have a long history of human industrial and agricultural activity. As a result, there are relatively few examples of primary temperate forest remaining and the secondary forests that replace them often show long-term effects of the former land use practices. Many temperate forests have also been subjected to a variety of air pollutants and introduced pests, which have caused the decline or removal of a number of important tree species.
Boreal forests
Boreal forests or 'taiga' ecosystems occur at high latitudes and upper elevations with a short growing season (30 to 120 days) and where winter minimum temperatures of 2 408C and colder are not uncommon. These conditions are beyond that which can be tolerated by most broadleaved deciduous species and so cold-tolerant conifers gradually become dominant. Boreal forests represent the world's largest biome and, in the northern hemisphere, occupy an east-west band through North America, northern Europe and Siberia with a northern limit of approximately 708 latitude.
Boreal forests are characterized by relatively low species diversity, a result of the harsh climate and history of periodic glaciation. Needle-leaf coniferous trees (e.g. spruce, fir and larch) are the dominant tree type although some broadleaf species such as alder and aspen are present in early successional communities. Ecosystem dynamics in boreal forests can fluctuate widely in response to varying environmental conditions.
Carbon Balances and Forest Productivity Photosynthesis and respiration
Nearly all of the primary production in terrestrial ecosystems results from photosynthesis, which is the process by which plants use energy from sunlight to combine carbon dioxide (CO 2 ) with water to form simple carbohydrates. CO 2 enters the leaf through tiny pores called stomata and the reaction that follows can be generalized as follows:
Rates of photosynthesis vary considerably among plant species, and even among leaves of a single plant. This variation depends on the availability of light, water and nutrients and on the physiological composition of a leaf. To understand primary production in forests, we need to consider each of these factors as well as interactions among them. But first, an equally important factor is respiration, which is the energy plants must spend to produce new growth and maintain existing live tissue. 
Forest Ecosystems
The necessities of respiration require that the total energy gained via photosynthesis be greater, on average, than that needed to perform these basic functions. This is often referred to as having a positive carbon balance and many characteristics of plant function can be best understood by the degree to which this condition is met. If, for example, a leaf is unable to produce enough photosynthate to cover the costs of its own growth and maintenance over its lifespan, it represents a net loss for the plant and will likely be shed. The challenge for plants, then, is attaining an optimal balance between photosynthesis and respiration, which, as we will see, is complicated by the fact that these processes respond differently to environmental variables.
Temperature and light
Photosynthesis and respiration are both affected by temperature, but photosynthesis exhibits a parabolic response, reaching a peak at some temperature optima (generally between 15 and 258C), whereas respiration continues to increase exponentially. Photosynthesis is highly dependent on available light, while respiration is not light-dependent at all, except via its indirect effect on leaf temperature
The response of photosynthesis to variation in light is nonlinear, with steep increases in net carbon gain at low light levels that eventually taper off to a point of saturation at higher light levels. Although the shape of this response is similar across species, the rate of carbon gain at light saturation, as well as the minimum light level that can be tolerated (the light compensation point), vary considerably ( Figure 2 ). This fact becomes critical when considering differences between tree species growing in sunlit versus shaded conditions and this can have a profound effect on the forest communities over the course of succession. .
Leaf nutrients
Plants require a variety of nutrients for structural and metabolic functions, but several key nutrients are needed in relatively large amounts and are particularly important for their role in photosynthesis. Perhaps the best example is nitrogen, which is a major component of amino acids and is often the nutrient most limiting to forest productivity. In an analysis of species across a range of ecosystems from around the world, Reich et al. (1997) found that leaf nitrogen (N) was strongly related to maximum photosynthesis, explaining over 68% of the variation observed globally In many cases, differences in leaf nitrogen can explain variation in the nature of light response curves, with high N leaves having higher rates of carbon gain at light saturation. Why, then, do all plant species not maximize leaf N to resemble the upper curve in Figure 2 ? There are at least two answers, the first being that N supply in soils often imposes limitations on leaf N and hence on the maximum attainable rate of growth. The second involves the respiration demands of high N leaf tissue. Because N-rich photosynthetic compounds have high respiration costs, plants with high leaf N concentrations are often more sensitive to limitation by other resources. In Figure 2 , note that the species with lower maximum photosynthesis also have lower light compensation points and hence can tolerate more shaded conditions. .
Although the species represented in Figure 2 are hypothetical, the trade-off between maximum growth and the ability to tolerate stress is an unavoidable reality for plants and is a recurring theme in forest ecosystems.
Forest Hydrology and Plant-Water Relations
Forests generally exist where the annual supply of water exceeds that which can be taken up by plants or stored in soils. Water that is not stored or transpired eventually becomes runoff. The total water budget of an ecosystem is thus dependent on the balance among all water inputs and losses. Water balances are important because they indicate Figure 2 Photosynthetic light response curves for three hypothetical species with varying light requirements. Note the trade-off between maximum photosynthesis at light saturation and the minimum amount of light that can be tolerated (the light compensation point). The shaded regions correspond to the light levels at which each species has the highest growth rate among the three and is likely to out-compete the others. In an ideal forest, the result would be a stratified canopy where total photosynthesis was optimized by species coexistence.
Forest Ecosystems the overall water status of an ecosystem and affect the amount of water available both for aquatic environments and for atmospheric cloud formation.
The primary sources of water in forests are precipitation, fog and snowmelt. The amount of plant-available water that can be stored in soils, known as soil water holding capacity, is determined by a variety of factors including texture, rooting depth, stone content and plant permanent wilting point.
Transpiration
No organism can survive in the complete absence of water, and trees, in particular, require large amounts of water to support the demands of transpiration, nutrient transport and temperature regulation. The preceding section described the processes of photosynthesis, which involves CO 2 uptake by leaves. Because stomata must be kept open for this to occur, an unavoidable consequence of photosynthesis is that water can be permanently lost from the leaf. This loss of water, known as transpiration, occurs because cells at the leaf interior must be kept moist and this leads to evaporation of water vapour into intercellular air spaces. When stomata are open, water vapour can diffuse out of the leaf as long as water vapour concentration in the surrounding atmosphere (i.e. humidity) is lower than that inside the leaf.
When water supplies are high enough to meet transpirational demands, water losses pose no restrictions on growth and even provide several useful functions. The flow of water through plants is the principal mechanism for nutrient transport and this is largely driven by transpiration. Further, the effect of evaporative cooling serves as an important mechanism for temperature regulation. In the absence of transpiration, leaves in full sunlight can reach temperatures much higher than their surroundings, sometimes resulting in temperature stress.
Drought stress and water use efficiency
When transpiration exceeds water supply from soils, plants begin to experience water stress and must do something to limit further losses or risk leaf desiccation and eventually death. Trees have both short-term and long-term responses to drought. Short-term responses include use of stored water from xylem tissues, altered leaf angle, closure of leaf stomata and, in severe cases, premature senescence. Longer-term responses include increased allocation to root growth, production of more deeply-lobed leaves to aid in temperature regulation, decreased height and crown size and osmotic regulation in foliage.
Because most of these adaptations involve unavoidable reductions in canopy photosynthesis, the most successful strategies are those that optimize rates of carbon uptake per unit of water lost. This trade-off is referred to as water use efficiency (WUE), which is defined as:
Water movement from soil to atmosphere A large tree may be capable of transpiring over 50 000 L of water during a single growing season. The movement of such large volumes of water from soils to the upper canopies of tall trees requires a huge amount of energy and it took scientists many years to appreciate the mechanisms responsible. Although early theories involved active pumping by tree roots, we now know that the process is driven entirely by physical forces.
Understanding how this works involves the concept of water potential (C), which is defined as the free energy of water, but can also be thought of as the concentration of water in a given volume of space (e.g. soil or atmosphere). Pure water has a higher potential than water containing dissolved solutes, and the water potential of dry air can become extremely low. Pure water at 208C and 1 atmosphere of pressure has a water potential of zero, so water potentials of ionic solutions (osmotic potential) are negative and atmospheric water potentials can be very negative.
Fluid substances flow from areas of high to low energy and so does water flow from areas of high to low water potential. Water evaporating from an open pan is driven by the water potential gradient between water and air, and the movement of water in trees is driven by the same forces, albeit with a few additional considerations. The large surface area of leaves in a forest canopy allows greater rates of evaporation than would be possible from the ground beneath them and this is complemented by extensive root networks within soils. Hence, the upward flow of water within plants requires maintenance of a water potential gradient along the soil-plant-atmosphere continuum, from high energy (less negative) soils to the low energy (more negative) atmosphere. Note that this requires not just an overall gradient from soil to atmosphere, but a continuous gradient along all points in between (e.g. C soil 4 C roots 4 C xylem 4 C leaf air space 4 C atmosphere ). The rate at which water moves through a plant depends on the steepness of this gradient, with maximum rates occurring where soils are saturated and the atmosphere is very dry.
Nutrient Cycles in Forest Ecosystems
The organic molecules making up plant tissues consist largely of carbon, oxygen and hydrogen, but a wide variety of other elements are also required. Essential elements that are required in relatively high concentrations (macronuForest Ecosystems trients) are nitrogen, phosphorus, calcium, magnesium, potassium and sulfur. Nitrogen is typically needed in the greatest quantities and its supply often limits forest productivity (Vitousek and Howarth, 1991) . The ways in which nutrients are added to, cycled within and lost from forests are critical to the function of the ecosystem. The major components of these cycles are depicted in Figure 3 , which represents the possible fluxes of a generic nutrient.
Nutrient inputs from outside the system
The ultimate sources of nutrients to an ecosystem are chemical weathering, biological fixation and atmospheric deposition. Mineral elements such as phosphorus, calcium and magnesium initially come from weathering of rocks present in the Earth's crust. Weathering involves the breakdown of geological substrates into smaller particles and altered chemical forms. Forests play an important role in weathering, both via the physical action of roots and through the release of root exudates that accelerate the dissolution of nutrients.
Nitrogen is rarely present in bedrock but makes up 78% of the Earth's atmosphere. Despite its abundance, atmospheric N 2 is unavailable to plants and must be converted to NH 3 before it can be utilized. This conversion, known as N fixation, is energetically expensive and is performed by specialized species of blue-green algae and bacteria using an enzyme called nitrogenase. Nitrogen-fixers can either be free-living or can occur in symbiotic associations with host plant species. In N-poor environments such as young volcanic soils, N fixation can be substantial and may exceed 100 kg N ha 2 1 year 2 1 , but as N accumulates during ecosystem development, a greater fraction of plant requirements can be met through decomposition of organic matter.
Atmospheric deposition includes precipitation (rain, snow and fog), dryfall of particles and gases or direct uptake through stomates. Natural sources of atmospheric deposition include lightning-induced N fixation, dust blown aloft from soils and ions present in sea-spray. These inputs can be critical for some ecosystems, particularly those with highly weathered soils. Dust from arid regions of Asia and Africa, for example, represents an important source of phosphorus for forests in such far-away locations as Brazil and Hawaii (Chadwick et al., 1999) .
In recent years, atmospheric deposition of some elements, particularly N and S, has increased substantially , portions of North America and Europe commonly experience rates that are 10 to 40 times greater (Galloway et al., 1982; Ollinger et al., 1993) . The quantity of these inputs, combined with the fact that they typically occur as strong acids, has raised serious concerns about the long-term effects on forests.
Nutrient cycling within the system
Once nutrients enter an ecosystem, there are a number of mechanisms by which they can be cycled internally. In forests, the dominant cycling mechanisms are plant litterfall and the process of mineralization, in which elements contained in dead organic matter are converted back into a mineral form during decomposition by bacteria or fungi. Mineralization rates are controlled by climate and litter quality, the latter of which is often measured in terms of carbon to nutrient ratios
The importance of litter quality stems from the fact that decomposer organisms meet their energy and nutrient requirements from the organic matter they break down. Nitrogen-rich plant litter, for example, decomposes more rapidly than N-poor litter, and decomposition rates are often strongly linked to litter C:N ratios (Melillo et al., 1982) . Nutrients can also be retained by microbes, a process known as immobilization. Immobilization is especially common during decomposition of low C:N ratio litter such as wood. .
The role of mycorrhizal fungi
There is a long and still growing awareness of the important role played by mycorrhizal fungi in facilitating nutrient uptake and turnover in forests. A mycorrhiza is a highly evolved symbiotic pairing between a fungus and a plant root in which the fungus receives food from the plant (sugars and organic matter) and, in return, provides a number of benefits for the plant. Most important among these benefits are increased uptake of water and nutrients that are otherwise difficult for plants to access.
Although there are many species of mycorrhizal fungi, they are typically divided into subgroups that are distinguished by morphological features, such as whether the fungal hyphae penetrate the root cells, and functional attributes, such as the capacity for uptake of certain nutrients. Ectomycorrhizae (EM) are characterized by the formation of a sheath that surrounds the root tip, but remains external to root cells. Many temperate and boreal tree species have EM associations.
Another major category are the vesicular-arbuscular mycorrhizae (VAM). Although there are fewer species of VAM fungi, they are the most geographically widespread group and are found among the majority of the world's plant species, natural and cultivated. VAM fungi do not produce visible root sheaths, but do penetrate the cells of the host plant. Hence, they are sometimes also referred to as endomycorrhizal.
A third commonly identified group are the ericoid mycorrhizae. These are found among ericaceous plants, primarily in cold or acidic soils where organic matter tends to accumulate. Ericoid mycorrhizae are known for their ability to decompose organic matter and transfer nutrients directly to the host plant. This may provide an important competitive advantage in very nutrient-poor habitats, allowing nutrient acquisition to occur before the typical mechanism of mineralization
Plant-soil feedbacks
By now, the astute reader may have noticed the circularity of trends between vegetation and soil nutrients and, indeed, forests often exhibit strong feedbacks between leaf chemistry, soil C:N ratios and N mineralization rates (Ollinger et al., 2002) . To appreciate these feedbacks fully, we need to consider an additional set of trade-offs involving leaf lifespan and the production of defence compounds. .
Deciduous trees retain leaves for only a single growing season while some evergreens retain their leaves for over 10 years. To understand this variation, recall that attaining a positive carbon balance requires that leaves produce enough photosynthate to repay the costs of their own construction. The time needed to achieve this varies with resource availability, and some species have adapted to resource-poor environments by producing long-lived foliage. This raises an added problem, however, in that long-lived foliage is increasingly vulnerable to environmental stresses such as frost and herbivory. Protecting against these stresses requires production of structural and chemical defence compounds, which decreases the growth potential of a leaf and reduces its litter quality.
The result of this and other trade-offs outlined in Figure 4 is a series of feedbacks between growth strategy and site quality in which rich sites tend to get richer and poor sites tend to get poorer. It is important to note, however, that forests are not permanently locked into either of these patterns, but can vary between them as a result of disturbance, nutrient losses and succession.
Nutrient losses
The dominant mechanisms of nutrient loss from forests are leaching to groundwater and gaseous losses to the atmosphere. These are dependent on many factors, but a particularly important control involves the ratio of nutrient supply versus demand. If, for example, plant and microbial demand for a given nutrient exceeds the supply from mineralization and external inputs, there is Forest Ecosystems strong pressure for nutrient retention and minimization of losses.
Nutrient losses are also affected by the form in which an element occurs and its chemical reactivity with soils. The dominant mineral form of N in soils is ammonium (NH 4 1 ), which is strongly bound to negatively charged soil particles and organic matter. However, in some circumstances, NH 4 1 can be converted to nitrate (NO 3 2 ) through the microbial process of nitrification. Negatively charged NO 3 2 ions are more mobile in soil solution and can more easily be lost via leaching. Nitrification can be particularly high following disturbance because removal of vegetation limits N uptake and increases the availability of NH 4 1 to nitrifying bacteria. This effect was demonstrated in a landmark study at the Hubbard Brook Experimental Forest where an experimentally harvested watershed produced a spike of NO 3 2 concentrations in the stream draining the watershed (Bormann and Likens, 1979) .
Gaseous losses are relevant for elements that occur in gaseous phases such as methane, hydrogen sulfide, and several species of N. Under anaerobic conditions or conditions that favour nitrification, soil nitrate can be converted to N 2 or N 2 O. These losses are often small, but can be substantial in some tropical regions, wetlands, or soils that receive large fertilizer inputs.
Disturbance and Succession
Forests are affected by a variety of disturbances and we cannot fully understand the structure and function of a forest ecosystem without considering the disturbances that have affected it. Disturbances can be catastrophic events such as wind-throw, fire and logging, or more subtle events spread out over time (e.g. drought) . In all cases, there is some change to the physical environment and this can alter the competitive balance among species.
Mechanisms of succession
Succession is defined as a change in community composition and structure resulting from changes in plant establishment, growth and survival over time. Successional changes occur because the presence of any plant species has unavoidable effects on the environment in which it grows. A simple example is the effect trees have on available light at the forest floor.
After a severe disturbance, light levels are often high because of damage or removal of the forest canopy. Subsequent competitive interactions will favour species that utilize high light levels to achieve rapid growth. However, recall from Figure 2 the trade-off between maximum growth and shade tolerance. A fast-growing species might succeed in gaining dominance initially, but its presence in the canopy creates a darker understorey that limits its own future success. In contrast, slow-growing, shade-tolerant species may have little chance for dominance early on, but their ability to survive at low light gives them an advantage as early-successional species die, creating new gaps in the canopy.
Other resources also change during forest development. Decreasing light levels can lead to lower soil temperatures, accumulation of organic matter and altered availability of nutrients and water. The progression of species over time will be influenced by the net effects of all of these changes.
Primary versus secondary succession
Succession following disturbance of a preexisting ecosystem is known as secondary succession, whereas primary succession refers to vegetation dynamics on brand new substrate. Although the underlying processes are similar, the starting points are often very different. Primary succession typically starts under extreme conditions of nitrogen deficiency and initially favours N-fixing plants Figure 4 Potential feedbacks between site resource availability, foliar nitrogen concentrations, photosynthesis, leaf lifespan, investment in defence compounds and litter turnover rates. Although these feedbacks can impose strong controls on forest ecosystem dynamics, external forces resulting from disturbance or succession can interrupt and even reverse these cycles.
which must arrive by immigration. This is nicely illustrated in the pattern of vegetation development following glacial retreat in Glacier Bay Alaska (Bormann and Sidle, 1990) . Secondary succession typically involves soils that already contain organic matter, seeds or other remnants of the previous inhabitants. Light levels may be very high or relatively low depending on the degree of canopy damage. Nutrient levels may be high or low depending on the severity of disturbance to soils.
Seed dispersal and establishment
The presence or absence of seeds has a strong effect on successional dynamics in forests, and the ability of seeds to reach suitable habitats has a profound effect on the longterm survival of a species. The result is that dispersal strategies have evolved in close parallel with physiological traits and plant resource requirements.
Trees exhibit a variety of seed dispersal mechanisms that are closely linked to the frequency or abundance of suitable habitats within a species' range. Relationships among these factors are illustrated by species of the northern hardwood forests of North America (Bormann and Likens, 1979) . In these systems, disturbances severe enough to create conditions of full sun are uncommon, so species with high light requirements (e.g. paper birch) must have long-range transport capabilities. Species with moderate light requirements have seeds with moderate dispersal capabilities because small-scale disturbances (e.g. death of a single tree) are relatively common. The winged, but relatively heavy seeds of sugar maples exemplify this strategy. Finally, seeds of very shade-tolerant species, such as American beech, enjoy an abundance of suitable habitats and have minimal dispersal capabilities.
Another strategy employed by some species involves trading dispersal distance for seed longevity in soils. This 'buried seed' strategy allows species such as pin cherry to rapidly colonize a disturbed site many years after the parent trees have been replaced (Marks, 1974) .
Forests and Global Change
Although a major component of forest ecology involves understanding basic ecological mechanisms under natural environmental conditions, we cannot leave this discussion without acknowledging the increasing effect of humans on the global environment. In addition to widespread modification of forest distribution, human industrial activities have fundamentally changed the physical and biological environments in which forests grow. This includes (at the time of this writing) a 27% increase in atmospheric CO 2 concentrations, increased atmospheric inputs of nutrients and inorganic acids, exposure to elevated levels of ground-level ozone (or smog) and introduction of foreign species of plants, animals and pathogens.
Comprehensive treatment of these changes is well beyond the scope of this article, but we should recognize the challenge of understanding ecosystem function under natural environmental conditions when such conditions are becoming increasingly rare and difficult to define. Interested readers are encouraged to pursue the references given below, which provide thorough reviews on a variety of related topics. Additional information has also begun to emerge from several international research initiatives aimed at understanding the role of forests in the global environment. Examples include the Boreal EcosystemAtmosphere Study (BOREAS), and the Large-Scale Biosphere-Atmosphere Experiment in Amazonia (LBA), both of which focus on how forests interact with changes in climate and atmospheric composition.
